information, but will cubically increase computational costs and pose additional challenges 35 concerning high resolution input data. The motivation for the present study was therefore to explore 36 the impact of using finer horizontal grid resolution for policy support applications of the European 37 variability. This study clearly shows that increasing model resolution is advantageous, and that 49 leaving a resolution of 50 km in favour of a resolution between 10 and 20 km is practical and 50
Introduction 59

Participating models and simulation description 159
The participating CTMs in this study are CHIMERE (Schmidt et (Schaap et al., 2008) , and RCG (Stern et al., 2003) . To represent, as much as possible, the uncertainty 162 in our current knowledge of air quality processes, we allow all models to freely and independently 163 utilize their best estimate for most input data and parameters (e.g., meteorological input, boundary 164 conditions, natural emissions). However, the domains and horizontal resolution as well as 165 anthropogenic emissions (described below) are r prescribed. A detailed overview of the model 166 characteristics is provided in the supplementary material (Table S1 ). All models are regional-scale, 167
limited-area models designed for short-term and long-term simulations of oxidant and aerosol 168 formation. The models have different degrees of complexity (Table S1 ). EMEP and CMAQ describe 169 the whole tropospheric column with 15-20 vertical layers, while LOTOS-EUROS, RCG and CHIMERE 170 describe only the lower troposphere. LOTOS-EUROS has varying vertical layers, as it incorporates the 171 dynamic mixing layer approach to determine the model vertical structure. 172
The simulations were performed for the year 2009 over a domain encompassing Europe ( Figure 1) . 173
With each model four simulations were carried out doubling the resolution between each 174 simulation. The horizontal spatial resolution ranges from 1.0 x 0.5 degrees to 0.125 x 0.0625 degrees 175 (Table 1) , which corresponds to 56 km x 56 km and 7 km x 7 km in the northern part of the domain 176 and to 88 km x 56 km and 11 km x 7 km in the southern part, respectively. The output required for 177 the exercise contains hourly as well as daily concentration distributions across Europe for oxidants as 178 well as PM, its components and precursor species. Natural emissions including biogenic VOCs, sea salt, soil NO x and forest fires were described as 209 standard available within the individual models ( Table S1 ). Note that only LOTOS-EUROS 210 incorporated a dust resuspension module for traffic following Schaap et al. (2009) which is 211 connected to the natural emission module of the model as this source is not included in emission 212
inventories. 213
Driving meteorology is taken from the European Centre for Medium Range Weather Forecasting 214 (ECMWF) operational analyses (CHIMERE, LOTOS-EUROS, EMEP) or from an optimal interpolation 215 analysis based on observations (RCG). These models interpolate the input meteorological data to the 216 required model resolution. The ECMWF meteorology has a resolution of ca. 16 km, so that models 217 running at e.g. 7 km are essentially running with fine-scale emissions but somewhat smoothed 218
meteorology. An important distinction is CMAQ, for which the WRF-ARWv3.3. The expected change in concentrations due to an increase in resolution is therefore due to the much 225 sharper gradients in the emissions and the sensitivities of process descriptions to concentration 226 differences. 227
A specific feature of CHIMERE worth mentioning is the representation of mixing parameters above 228 urban areas. An adjustment is made as a function of the urban land cover fraction in a grid cell which 229 implies that the adjustment is different in each of the simulations performed here. In short, the 230 argument is that the mixing in the urban environment within the canopy layer is overestimated with 231 standard similarity theory. Therefore, the turbulent diffusion coefficient (Kz) in the first CHIMERE 232 layer above urban areas is halved. The factor of 2 (derived from the literature) is also applied to 233 lower the wind speeds in the first CHIMERE layer so as to limit the advection and dilution of primary 234 pollutants close to the ground (Terrenoire et al., 2013 
Model performance evaluation 245
The impact of the increase of the model resolution on its performance needs to be quantified. As an 246 important feature of the increased resolution should be to better describe horizontal gradients, and 247 specifically to better resolve the gradients between source regions and the regional background, the 248 quantification of the spatial correlation coefficients between modelled concentrations for all 249 resolutions and observed concentrations at air quality monitoring stations is the first analysis 250 performed here. The higher resolution of the emissions and the model may separate rural and urban 251 monitoring sites that at lower resolution were in the same grid cell. To analyse the improvement in 252 the spatial gradients, the spatial correlation coefficient, the slope of the best fit between modelled 253 and observed annual mean concentrations and the bias are used. The second part of the evaluation 254 focuses on the temporal variability of the concentrations looking at correlation coefficients and Root 255
Mean Square Errors (RMSE). The DeltaTool (Thunis et al., 2011) The number of stations available within each city area differs from city to city as does the split in 279 terms of station types (Rural, Urban, EMEP, later referred to as R, U, E, respectively). An overview of 280 the stations used per city for the evaluation is provided in Table 2 . Within a radius of 30 km around 281 each city not many rural stations are included in the analysis. To provide some large-scale evaluation 282 in terms of comparison with rural background stations a comparison is also made with all EMEP and 283 AIRBASE stations within a radius of 200 km around each city. In order to better highlight model 284 differences in terms of urban areas and station types, groups of stations are generated in which 285 statistical performance indicators are averaged. It is important to remember that the number of 286 stations included in each of the city groups is different. While the total number of rural stations (R) 287 used to produce the average for PM 10 is 151 it reaches 98 for urban stations (Table 2) . 288
The analysis is performed for daily mean PM 10 concentrations, hourly NO 2 concentrations, and daily 289 maximum of the running 8 hour mean O 3 concentration. It mostly focuses on urban background 290 station types since the increased resolution is expected to have its maximum gain at those stations. 291 Figure 3 shows the annual mean concentrations of NO 2 as calculated for the four different horizontal 295 grid resolutions. For NO 2 the concentration pattern going from the coarse grid EC4M1 (56 km) to the 296 fine grid EC4M4 (7 km) increasingly reflects the underlying emission pattern. Overall, the increase in 297 structure is tremendous. Especially going from 56 to 14 km adds a lot of detail in regions with high 298 emission density, whereas the step from 14 km to 7 km does not show such a large change in the 299 structure. The calculated concentrations increase in particular in the high emission density areas. 300
Results 293
Modelled distributions and sensitivity to emission changes 294
The findings are consistent across all models. This is illustrated for PM 10 distributions in Figure 4 301 which shows the 56 km and 7 km simulation for all models. As for NO 2 , the differences across high 302 emission density areas are noticeable. However, the increase in concentration for these areas is 303 moderated because a large part of the modelled total PM 10 is provided by secondary aerosols. 304 Figure 5 shows that for the primary components of PM 10 , the impact of increasing model resolution 305 for urban stations is much larger than for the secondary inorganic aerosols (SIA) NO 3 , SO 4 and NH 4 . 306 PPM 10 concentrations display a stronger gradient over source regions than SIA because of the limited 307 lifetime and because secondary components are not formed instantaneously from their precursors, 308 allowing for transport of the latter away from the source regions before the precursor gases are 309 transformed into secondary aerosols. Therefore, modelled SIA concentrations are much less affected 310 by the grid size than PPM 10 . Note that the absolute PM 10 concentrations between the models differ 311 as the modelling teams simulated the PM composition differently (e.g., including secondary organic 312 aerosols and mineral dust or not). 313
Compared to NO 2 and PM 10 , the effect of a decreasing grid size is smaller for O 3 (not shown). In 314 general, there are only small changes in rural areas, which can be seen from the evaluation results in 315
Figures 7 and 10. In urban areas, a decrease of the grid size leads also to a decrease of the calculated 316 O 3 concentrations as titration by local NO x sources is enhanced. The resolution effect is larger for 317 annual mean O 3 concentrations than the average O 3 daily maximum or maximum running 8 hour 318 mean concentrations. The latter is explained by the large impact of titration during stable conditions 319 at night, for which daytime concentrations are less sensitive. 320
The observed concentration increments for higher model resolution is in part due to the resolution 321 increase of the emission database, and in particular the differences between emission densities at 322 fine and coarse resolutions, but also to the decrease of the artificial dilution of emissions compared 323 to the larger grid area (Gego et al. Greece, Portugal and Spain. The fit parameters for all models are summarized in Table 2 . From the 330 correlation coefficient we derive that for EMEP, CHIMERE, RCG and LOTOS-EUROS about 70% of the 331 model response to grid resolution is explained by the higher resolution of the emission data. CMAQ 332 shows a lower sensitivity to the difference in emission strength (46%), which we explain by the 333 impact of using high resolution meteorological data. Also, for PM 10 a significant part (~70%) of the 334 concentration increment (7-56 km) can be explained by the emission density increment for EMEP, 335 and CMAQ, the largest gains are seen going from 56 to 28 to 14 km resolution with a kind of 360 saturation to the higher resolutions. CHIMERE and RCGC react more evenly to each resolution 361 change than the others. 362 A summary of the spatial statistical analysis for hourly NO 2 is given in Figure 8 . As expected the 363 performance at rural sites is stable with resolution for all models but one. CMAQ shows a significant 364 increase in the slope and explained variability between observed and modelled concentrations 365 which is attributed to the impact of the scale dependent meteorology. For urban stations there is a 366 strong dependence on the resolutions, with an increase in slopes and correlations, and a reduction 367 of the bias for all the models. Also for the statistical parameters, the largest gains appear to occur 368 between 56 km and 14 km resolution, with a saturation between 14 and 7 km resolution. 369
Particulate Matter (PM 10 ) 370
For PM 10 , the increased grid resolution yields a very slight decrease in concentration at rural and 371 EMEP stations in all models. While the absolute concentration modelled differs between the models, 372 the change in modelled concentrations because of the resolution change is similar. Urban 373 increments are similar for the CHIMERE, LOTOS-EUROS, and RCGC, whereas for EMEP and CMAQ 374 they are significantly lower. For EMEP, and to a smaller extent for CMAQ, we explain this by a higher 375 surface layer depth (~90 m for EMEP, ~39 m for CMAQ) than in other models (~20 m). As for NO 2 , 376 the impact of the resolution is variable among the agglomerations studied due to variable PM 377 emission strengths, station number and locations and grid impacts. At urban locations and 378 comparing 56 km to 7 km simulations, the spatial bias for PM 10 reduces by 6.5 µg/m 3 for CHIMERE, 379 by 5.5 µg/m 3 for RCGC and LOTOS-EUROS, whereas the EMEP bias reduces about 3.3 µg/m 3 and only 380 1.2 µg/m 3 for CMAQ. A summary of the spatial statistical analysis for daily PM10 is given in Figure 9  381 and shows that the slope is significantly improved with higher resolution as a result of a lower bias at 382 urban stations. As shown in Figure 5 the modelled PM component concentrations indicate that the 383 concentration change is completely induced by the primary components and that only a slight 384 sensitivity to model resolution is observed for the secondary components. However, the reduction 385 of the explained variability for PM 10 between urban areas shows that increasing the resolution of the 386 emissions (without adapting gridding approaches) and models is not sufficient to improve the 387 assessment of exposure of European urban populations to PM.
Ozone (O 3 ) 389
For O 3 we focus our analysis on the model•[ performance for the daily maximum of the running 8 390 hour mean (O3Max8Hr). The reason is that the analysis is then focussed on the high O 3 regime 391 during daytime, and is less sensitive to the impact of differences between models on night time 392 mixing and titration. First, the annual average O3Max8Hr concentrations show a different behaviour 393 compared to PM 10 and NO 2 . Due to the titration impact of NO x emissions near sources, the 394 concentrations are lower inside a city than outside (Figure 10 ). The average pattern as a function of 395 station type and the response to a resolution change between all models is very similar. O3Max8h 396 annual biases reduce for all models over urban stations. At rural stations the impact of resolution is 397 rather small, while an increase in resolution has a significant effect for the urban locations. At these 398 stations the slopes decrease for EMEP, LOTOS-EUROS and RCGC, while CHIMERE and CMAQ show a 399 minimum at the 28 km resolution model run. Spatial correlation coefficients decrease slightly with 400 increasing resolution. Also the urban bias improves, except for LOTOS-EUROS. However, increasing 401 resolution and adding more local variability decreases the representation of the spatial contrasts, 402 although for NO 2 the spatial patterns become better between cities. This may mean that it is not the 403 variability in NO x emission source strengths between the urban regions that is the most important 404 source of uncertainty for O 3 gradients during the day at these scales. Instead, differences in mixing 405 regimes, chemical regimes and uncertainties in NMVOC speciation could be more important. compared to the other participating models seems also to be related to a specific treatment of the 455 mixing parameterization over urban areas. As non-hydrostatic meteorological data at around 1-5 km 456 resolution are available nowadays, studies using high resolution meteorology indicate that including 457 the urban impacts on ventilation and subgrid emission variability is needed to study the variability of 458 short-lived pollutants across large urban agglomerations (Pay et al., 2014) . 459
As about 70% of the model response to grid resolution is determined by the difference in emission 460 strength, improved knowledge on spatial variation in emission at high resolution is necessary for the 461 improvement of modelled urban increments . Timmermans et al. (2013) compared urban increment 462 calculations using the downscaled TNO-MACC emission database against using a database that 463 contains bottom up emissions for a number of large conglomerations in Europe. It was shown that 464 the air pollutant emissions in these large agglomerations can be significantly lower than those in the 465 down scaled emission database, mostly due to a more efficient energy use (economy of scale) and 466 the use of cleaner fuels in the urban areas. This was especially the case for PM10, whereas NO 2 467 concentrations were hardly effected. These findings may explain why for NO 2 the increased 468 resolution provides a larger increase in performance than for PM 10 . Moreover, as a top down 469 inventory was used here, part of the lower bias for PM 10 at the higher resolution may be attributed 470 to the lack of detail in the gridding of the emission database. Hence, to model urban increments 471 improved spatial allocation algorithms and proxy data including local information are needed. 
